Striatal medium spiny neurons (MSNs) receive glutamatergic afferents from the cerebral cortex and dopaminergic inputs from the substantia nigra (SN). Striatal dopamine loss decreases the number of MSN dendritic spines. This loss of spines has been suggested to reflect the removal of tonic dopamine inhibitory control over corticostriatal glutamatergic drive, with increased glutamate release culminating in MSN spine loss. We tested this hypothesis in two ways. We first determined in vivo if decortication reverses or prevents dopamine depletion--induced spine loss by placing motor cortex lesions 4 weeks after, or at the time of, 6-hydroxydopamine lesions of the SN. Animals were sacrificed 4 weeks after cortical lesions. Motor cortex lesions significantly reversed the loss of MSN spines elicited by dopamine denervation; a similar effect was observed in the prevention experiment. We then determined if modulating glutamate release in organotypic cocultures prevented spine loss. Treatment of the cultures with the mGluR2/3 agonist LY379268 to suppress corticostriatal glutamate release completely blocked spine loss in dopamine-denervated cultures. These studies provide the first evidence to show that MSN spine loss associated with parkinsonism can be reversed and point to suppression of corticostriatal glutamate release as a means of slowing progression in Parkinson's disease.
Introduction
The motor symptoms of Parkinson's disease (PD) are caused by striatal dopamine insufficiency. The dopamine innervation of the striatum arises from neurons in the substantia nigra (SN) and contributes to a characteristic synaptic triad involving SN and cortical afferents and the dendrites of striatal medium spiny neurons (MSNs). The synaptic architecture of these three elements involves a dopamine synapse with the neck of MSN dendritic spines and a corticostriatal terminal synapsing onto the spine head (Bouyer et al. 1984; Freund et al. 1984; Smith et al. 1994) . This synaptic arrangement suggests that dopamine modulates the influence of corticostriatal glutamatergic axons on MSNs. Consistent with this inference are data indicating that dopamine D 2 heteroreceptors on the terminals of corticostriatal axons tonically inhibit release of glutamate from these axons (Bamford, Robinson, et al. 2004) . Thus, in the dopaminedepleted striatum, excess glutamatergic drive from corticostriatal terminals, coupled with other mechanisms intrinsic to the MSNs that are regulated by dopamine (Day et al. 2006) , results in hyperexcitable MSNs (Florio et al. 1993; Cepeda et al. 2001) . Moreover, the loss of dopamine on the spine neck removes a modulatory influence that determines if cortically derived signals invade the dendritic shaft.
Dendritic spines are remarkably plastic structures, changing in number and shape over time scales ranging from seconds to years (Crick 1982; McKinney 2005; Alvarez et al. 2007; Harms and Dunaevsky 2007; Chen et al. 2009 ). Long-lasting changes in dendritic spine number have been documented in a number of neuropsychiatric disorders (Ferrante et al. 1991; Kaufmann and Moser 2000; Hill et al. 2006; Kalivas 2009; Tackenberg et al. 2009 ). Among these disorders is PD, in which striatal dopamine depletion elicits dystrophic changes of MSN dendrites. Both postmortem studies of PD as well as studies in animal models of parkinsonism have reported a marked decrease in MSN spine density (McNeill et al. 1988; Ingham et al. 1989 Ingham et al. , 1993 Ingham et al. , 1998 Arbuthnott et al. 2000; Stephens et al. 2005; Zaja-Milatovic et al. 2005; Day et al. 2006; Villalba et al. 2009 ). While the primary cause of this dendritic remodeling is loss of dopamine signaling through the D 2 receptor (Day et al. 2006; Deutch et al. 2007 ), it appears likely that changes in cortically derived glutamate contribute to the changes in MSN spines. Dopamine replacement treatment in PD patients or in animals with striatal dopamine depletion does not restore spine loss (Stephens et al. 2005; Zaja-Milatovic et al. 2005; Deutch et al. 2007) , suggesting that the dopamine receptor is uncoupled from its intracellular effectors. This led us to hypothesize that manipulating corticostriatal glutamate release directly might reverse the MSN spine loss seen in the dopamine-denervated striatum.
Glutamatergic mechanisms are critically involved in determining both dendritic spine development and maintenance (Korkortian and Segal 2001; Passafaro et al. 2003; Lippman and Dunaevsky 2005; McKinney 2005; Bloodgood and Sabatini 2008) . For example, glutamatergic signaling through N-methyl-D-aspartate (NDMA) receptors increases intraspinous calcium levels, which determines spine morphology (Segal et al. 2000) . These considerations suggest that corticostriatal neurons play a central role in determining the structure of MSN dendrites.
A recent in vitro study that examined the role of corticostriatal projections in dendritic remodeling in the dopaminedenervated striatum reported that complete decortication prevents the development of spine loss on striatal MSNs in organotypic slice cocultures (Neely et al. 2007 ). However, the ability of decortication to ''reverse'' spine loss that has already been established, which is more relevant to treatment of PD, has neither been examined in these cultures nor in vivo. We therefore determined in vivo if decortication can reverse or prevent MSN dendritic spine loss in an animal model of parkinsonism.
In order to determine if the loss of MSN spines requires corticostriatal glutamate release and hence if cortical lesions may mitigate spine loss by suppressing glutamate release, we used organotypic slice co-cultures comprised of cortex, striatum, and ventrolateral mesencephalon (including the SN) to assess the effects of a metabotropic mGluR2/3 receptor agonist. Activation of these mGluRs, which are located on the presynaptic terminals of corticostriatal neurons (Testa et al. 1998) , dampens glutamate release (Lovinger 1991; Calabresi et al. 1992; Lovinger and McCool 1995) .
Materials and Methods

Animals
Adult male Sprague-Dawley rats (Harlan; Indianapolis, IN) were grouphoused on a 12:12 light--dark schedule with food and water freely available. All studies were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and under the oversight of the Vanderbilt University Animal Care and Use Committee.
Experimental Design
We first determined if focal lesions of the motor cortex in vivo could reverse spine loss that occurred in response to striatal dopamine denervation and in the next experiment determined if cortical lesions could prevent the development of MSN spine loss.
In the ''reversal'' experiment, 6-hydroxydopamine (6-OHDA) lesions of nigrostriatal dopamine neurons were made, and then 4 weeks later, when spine loss was established, the motor cortex was lesioned with ibotenic acid (IA). MSN spine loss is present starting about 2 weeks after striatal dopamine depletion and persisting for at least 12 months (Ingham et al. 1989; Deutch et al. 2007) . Animals survived for 4 weeks after the cortical lesions before being sacrificed.
In the ''prevention'' experiment, striatal dopamine depletion was also accomplished by means of 6-OHDA lesions, and during the same surgery, IA was used to lesion the motor cortex. Animals were sacrificed 4 weeks later.
Surgical Manipulations
Animals were deeply anesthetized with isoflurane and burr holes made in the skull overlying the primary motor cortex and SN. Lesions of the motor cortex were performed by injecting 1.0 lL of 45 nM IA (Tocris, Ellisville, MO) into the M1 cortex (anteroposterior [AP]: +0.7; mediolateral [ML]: +2.0, +3.6; dorsoventral [DV]: -2.0, -2.3) at a rate of 200 nL/ min. Control (sham) cortical lesions involved incision of the skin and placement of a burr hole.
Striatal dopamine denervation was accomplished by injecting 6-OHDA HBr (4.0 lg/lL free base; Sigma-Aldrich, St. Louis, MO) into 2 sites in the SN (AP: -5.4; ML: +1.0, +2.4; DV: -8.4) in a volume of 1.5 lL at a rate of 100 nL/min.
Organotypic Slice Cultures
Triple-slice cultures consisting of cortex, striatum, and ventrolateral mesencephalon (SN) were prepared from the brains of P1--P2 SpragueDawley rats (Harlan) following our previously described method (Neely et al. 2007) . Two cultures were plated in each well. At 14 days in vitro (DIV), by which time the MSNs achieve a mature dendritic morphology (see Neely et al. 2007) , the dopamine innervation of the striatum was denervated by treatment of the cultures with 15 lM 1-methyl-4-phenylpyridinium (MPP + ) (Sigma-Aldrich). This concentration of MPP + causes a selective loss of dopamine but not other neurons in the cultures (Neely et al. 2007 ). MPP + was removed 24 h later and treatment with the mGluR2/3 agonist LY379268 (1.0 lM; Tocris) started, with the agonist being added to the cultures at the time of media changes (every other day over 14 days). Culture medium was collected at 14 DIV (just before MPP + treatment) and again at 17 DIV and stored at -80°C until subsequently assayed for the dopamine metabolite homovanillic (HVA) acid as an index of dopamine denervation. The cultures were harvested at 28--30 DIV for analysis of dendritic spine density.
We determined if adding an mGluR2/3 antagonist to cultures would block the ability of the agonist LY379268 to prevent spine loss in dopamine-denervated cultures. At 14--16 DIV, the cultures were treated with MPP + , which was removed 24 h later, at which time either the mGluR2/3 agonist LY379268 (1.0 lM), the antagonist LY341495 (0.2 lM), or both the mGluR2/3 agonist and antagonist were added to the culture media. The concentration of LY379268, which has at least an 80-fold higher affinity for group II mGluRs than other metabotropic glutamate receptors (Schoepp et al. 1999; Marek et al. 2000) , was based on in vitro slice data from Marek et al. (2000) and Picconi et al. (2002) . The concentration of the antagonist LY341495 Schoepp et al. 1999) was also based on the data of Marek et al. (2000) . The cultures were treated as described above, with the drugs replaced every other day for 14 days, at which time the cultures were harvested and diOlistically labeled.
Golgi Impregnation
Animals were transcardially perfused with a solution of 2.5% glutaraldehyde (EM Sciences, Hatfield, PA) and 2% paraformaldehyde (VWR, West Chester, PA) in 0.1 M phosphate buffer (pH 7.45). Brains were removed and the forebrains postfixed for 3 h. Coronal sections (150 lm) were cut on a vibrating microtome. The sections were then incubated in 1% osmium tetroxide (EM Sciences) for 40 min, after which sections were transferred to 3.5% potassium dichromate (SigmaAldrich) for 16 h in a humid chamber. The sections were then ''sandwiched'' between glass slides and incubated in the dark in 1% silver nitrate (Sigma-Aldrich) for 4--6 h. Sections were washed in water, mounted on 0.5% gelatin-coated slides, dehydrated, cleared, and coverslipped with DPX (Sigma-Aldrich).
DiOlistic Labeling of Cultures
Cultures were fixed in 1.5% paraformaldehyde in 0.1 M phosphatebuffered saline for 25 min and then diOlistically labeled with the carbocyanine dye CM-DiI (Invitrogen, Carlsbad, CA), following the general protocol of Gan et al. (2000) , as modified by Neely et al. (2007 Neely et al. ( , 2009 . Cultures were then mounted in Prolong Antifade (Invitrogen).
Dendritic Analyses of Golgi-Labeled MSNs
Microscopic images were acquired by a digital camera coupled to a computer running the cell reconstruction software Neurolucida (Microbrightfield Inc., Williston, VT), using a 633 1.4 planApo objective. The image was digitally magnified by a factor of 2 to yield a final magnification equivalent to a 3126 objective.
Data from animals with lesions that impinged on the corpus callosum were excluded from subsequent analyses, as were data from animals in which the lesions did not involve layer V, where the majority of cells that innervate the striatum are located.
Golgi-impregnated MSNs in dorsolateral striatum were reconstructed by a person unaware of the treatment conditions of the animals. Neurons were randomly selected from the M1-recipient zone of dorsolateral striatum, provided that the cells had a soma diameter of 12--17 lm and through a 310 objective appeared to be well impregnated.
In a pilot experiment, we determined that dendritic spine density in control animals did not differ significantly at distances on the dendritic tree located 60--120 lm from the soma. We therefore measured dendritic spine density on dendritic segments 10--20 lm in length that were located 60--120 lm distal to the MSN soma. Dendritic spine densities were determined on branches of 4 primary dendrites from each reconstructed neuron, with at least 5 MSNs assessed in each animal (an average of 7.7 cells analyzed for each group in the prevention study and an average of 10.0 MSNs for each group analyzed in the reversal experiment). We analyzed MSNs located in the striatal zone that receives inputs from the lesioned motor cortex, as well in a second region, located ventromedial to the M1-innervated sector, that does not receive significant M1 inputs (see Fig. 1 ).
The striatal domain that received afferents from the lesioned areas of motor cortex was determined by iontophoretically depositing the tracer biotinylated dextran amine (BDA; molecular weight 10 000; Invitrogen) into the M1 cortex and subsequently assessing the distribution of anterogradely labeled axons in the striatum in 4 animals. A 10% BDA solution prepared in 0.1 M sodium phosphate was loaded into fiber-filled glass pipettes (25--30 lm outer diameter) and deposited into M1 (at the same coordinates at which IA was injected) using +5.0 lA pulsed (7 s on/off) current for 10 min. Animals survived for 7--10 days before being sacrificed. The results (data not shown) were consistent with previous reports (Hoffer and Alloway 2001; Ramanathan et al. 2002; Alloway et al. 2006 ) and indicated that one can reliably define the location in the striatum that receives inputs from a given zone of cortex, although the precise borders of the territory cannot be identified. We therefore assessed MSN dendritic spines in the M1-recipient zone of striatum and as a control site in a region ventromedial to the M1 zone that does not receive a significant density of inputs from the M1 cortex.
Dendritic Spine Analyses in DiOlistically Labeled Cultures
A confocal laser scanning microscope with a 363 1.4 numerical aperture objective (with a 32 digital zoom to yield a final magnification of 3126) was used to obtain z-stacks of MSN segments at 0.5-lm intervals. MSN spines were assessed on third and fourth order dendritic segments.
Assessment of Striatal Dopamine Depletion
The use of the Golgi method to impregnate MSNs precludes biochemical measurements of striatal dopamine concentrations. In order to assess the extent of the 6-OHDA lesion, striatal and midbrain sections were processed for tyrosine hydroxylase (TH) immunohistochemistry, using our previously described methods (Bubser et al. 2005) . Only rats with <3 TH-immunoreactive axon segments per highpowered (340) field in the dorsal striatum were included in the analyses (see Supplementary Fig. 1 ); SN dopamine neurons were almost entirely lost (see Supplementary Fig. 1 ).
In order to determine the extent of MPP + -induced striatal dopamine depletion in the cultures, we measured the concentration of the dopamine metabolite HVA in the culture media both immediately before and 48 h after MPP + treatment. The medium was analyzed by high performance liquid chromatography with electrochemical detection, following our previously described procedure (Deutch and Cameron 1992) . Briefly, 500 lL medium was added to 125 lL of 1 M perchloric acid solution containing 0.2 g/L NA 2 S 2 O 5 and 0.05 g/L Na 2 -EDTA. The samples were centrifuged at 23 000 3 g for 5 min, injected on a C18 column (Alltech, Deerfield, IL), and HVA measured using a 501A Coulochem detectror (ESA Biosciences, Chemsford, MA). HVA levels were expressed as pmol/mL medium. Because dopamine is rapidly oxidized in the culture media and therefore below detection thresholds in control cultures, we focused on the dopamine metabolite HVA, which is stable. Spine density in MSNs from cultures in which HVA levels were depleted by <70% were not analyzed.
Immunohistochemistry Animals were transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Forebrain and midbrain blocks of tissue were postfixed overnight and then cryoprotected in 30% sucrose for 2--4 days. Coronal sections (40 lm) were cut on a freezing microtome.
To assess the extent of cortical IA or SN 6-OHDA lesions, free-floating brain sections were processed as described previously (see Bubser et al. 2005) , using mouse anti-NeuN (1:1000; Chemicon, Temecula, CA) to reveal the borders of the cortical lesions and mouse anti-TH (1:3000; ImmunoStar, Inc., Hudson, WI) to stain dopaminergic neurons.
Fluorojade C Staining
In order to determine if the cortical lesions resulted in any overt transsynaptic cell loss in the striatum, animals received IA injections of the motor cortex and were sacrificed at various times between 2 and 28 days after the cortical lesions. The brains were processed to stain degenerating neurons using Fluorojade C (FJC; Schmued et al. 2005) . Animals were perfused with 4% paraformaldehyde and sections cut through the forebrain, mounted on 0.5% gelatin-coated slides, and dried overnight. Briefly, slides were incubated in basic ethanol solution (1% NaOH in 80% ethanol), dehydrated for 2 min in 70% ethanol, and then incubated in 0.06% potassium permanganate for 10 min. Slides were then incubated in 0.001% FJC (Chemicon) for 10 min. Sections were rinsed 3 times in water, dried overnight, and dehydrated and cleared in xylene before being coverslipped with DPX.
Data Analysis
In the in vivo studies, the average spine densities for each cell (determined from the analysis of 4 second-and third-order branches emanating from 4 different primary dendrites) were collapsed to yield a mean MSN spine density. In turn, these mean ''per cell'' spine densities (which averaged overall 8.8 MSNs/experimental group) were collapsed to generate a mean MSN value for each animal. This latter ''per animal'' MSN spine density value was used for subsequent statistical analyses by means of two-way analyses of variance (ANOVAs) and subsequent Bonferroni t-tests if warranted by significant main effects or a significant interaction. The degree of MSN spine loss in the non--M1-recipient zone of the striatum was analyzed relative to the 6-OHDA plus decortication group separately.
In the in vitro studies, MSN spine density values/neuron were determined, after which these values were collapsed to yield a single ''per culture'' value. These per culture values were then analyzed by two-way ANOVAs.
Results
Characterization of M1 Motor Cortex Lesions
IA injections lesioned the M1 motor cortex (see Fig. 2) ; the lesions impinged medially on the M2 area, with some degree of lateral invasion into the forelimb region of the primary somatosensory cortex (see Fig. 2 ). Although the lesions sometimes involved areas adjacent to M1, for simplicity sake we will refer to the lesioned region as the M1 area. The IA injections did not result in cavitation, and NeuN staining revealed intact underlying tissue (see Fig. 2 ). In most cases, the lesion involved layers I--VI, although loss of cells in layer VI was variable.
FJC Staining
IA injections caused extensive neuronal loss in the vicinity of the IA injection, as reflected by a dense aggregation of cortical FJC-positive cells seen at 2 and 4 days postoperatively (see Supplementary Fig. 2 ). In contrast, at no time point up to 28 days after the IA injection did we observe any FJC-positive cells in the striatum of animals with M1 lesions, indicating that there was no transsynaptic loss of striatal neurons in response to cortical IA injections. In this experiment, we assessed if decortication could reverse MSN spine loss that was caused by 6-OHDA lesions performed 4 weeks earlier. Cortical lesions significantly attenuated but did not totally reverse established MSN spine loss in the M1-recipient zone (omnibus ANOVA F 3,21 = 7.98, P = 0.001), with a significant main effect of dopamine depletion (F 1,21 = 20.2, P = 0.0002) but no significant interaction uncovered. Post hoc analyses revealed that striatal dopamine depletion resulted in a significant decrease in spine density (17.9%) compared with that seen in sham-lesioned control animals (P =0.007); cortical lesions alone did not change MSN spine density relative to control (sham lesioned) animals (Fig. 3) . However, M1 lesions made 4 weeks after striatal dopamine denervation significantly attenuated the degree of MSN spine loss compared with the 6-OHDA-lesioned group alone (P = 0.008), with a 9.4% decrease in spine density relative to sham-lesioned rats. Thus, animals with striatal dopamine depletion suffered a loss of dendritic spines that was almost 50% less than that seen in animals without cortical lesions (see Fig. 4 ). The cortical lesions significantly attenuated MSN spine loss only in the M1-recipient zone of the striatum but not in the ventromedially adjacent striatal sector that does not receive significant M1 inputs (see Fig. 3 ).
Effects of Concurrent Cortical and 6-OHDA Lesions on MSN Spine Density
The omnibus ANOVA for the analysis of the effects of cortical lesions performed at the same time as 6-OHDA lesions was significant (F 3,27 = 9.37, P = 0.0002), with a significant main effect of dopamine depletion (F 1,27 = 23.88, P < 0.0001) but no significant cortical lesion 3 6-OHDA lesion interaction. Post hoc tests revealed that striatal dopamine depletion in animals with an intact cortex significantly decreased MSN spine density in the M1-recipient zone of animals relative to control rats (18.6%, P = 0.0022). Spine loss in animals with both cortical and 6-OHDA lesions averaged 10.3%. Although spine loss was attenuated in the combined cortical + 6-OHDA lesions relative to the 6-OHDA-lesioned group alone, this effect did not reach statistical significance (P = 0.06) (see Fig. 5 ). In the non--M1-recipient zone of the striatum, there was no attenuation of spine loss (see Fig. 5 ).
Metabotropic Glutamate Receptors Regulate Spines
The treatment of cultures with MPP + caused a marked (89.4%) decrease in the concentration of the dopamine metabolite HVA in the culture medium (t 32 = 17.73, P < 0.0001), consistent with extensive striatal dopamine denervation. A two-factor (dopamine innervation 3 drug treatment) ANOVA was used to assess the effect of the mGluR2/3 agonist on MPP + -induced spine loss, yielding an overall F 3,40 = 6.86 (P = 0.0008). Main effects of both dopamine innervation (F 1,40 = 5.33, P = 0.0262) and drug treatment (F 3,40 = 9.83, P = 0.0032) were uncovered and a strong trend toward an interaction (F 1,40 = 4.08, P = 0.0502). Post hoc analyses found a significant decrease (26%) in MSN spine density compared with vehicle-treated cultures (P = 0.0032; see Fig. 6 ). While treatment with the mGluR2/3 agonist LY379268 had no effect on spine density in MSNs from cultures with an intact striatal dopamine innervation, the mGluR2/3 agonist completely prevented MSN spine loss in MPP + -treated cultures such that spine density was not significantly different from control (intact dopamine innervation + vehicle treated) cultures (see Fig. 6 ). Representative diOlistically labeled MSN dendritic segments are shown in Figure 7 .
In order to determine the specificity of the mGluR2/3 agonist LY379268, we assessed if treatment with the mGluR2/3 antagonist LY341495 would block the actions of the group II metabotropic glutamate receptor agonist. As expected, post hoc analyses revealed that MPP + treatment significantly decreased spine density (P = 0.0104). The antagonist alone caused a significant decrease in spine density (P = 0.0365), while the combined treatment of the antagonist plus agonist in dopamine-depleted cultures did not significantly differ from the MPP + -treated cultures alone and thus completely reversed the protective effects of the agonist (see Fig. 8 ).
Discussion
Lesions of the motor cortex reversed the loss of MSN spines that is seen in response to striatal dopamine denervation. This observation provides the first evidence that MSN spine loss, once established, can be reversed. Moreover, treatment with the mGluR2/3 agonist LY379268 completely prevented MSN spine loss in dopamine-denervated cultures, supporting the hypothesis that the mechanism by which cortical lesions attenuate spine loss is through decreased glutamate release from corticostriatal axons.
Effect of Cortical Lesions on MSN Spines in the Intact Striatum
We did not observe any effect of the cortical lesions on MSN spine density in animals with an intact striatal dopamine innervation. In contrast, some previous studies have reported that cortical lesions decrease MSN spine loss (Kemp and Powell 1971; Cheng et al. 1997 ). However, these earlier studies examined the effects of cortical aspiration lesions, which can easily damage the underlying striatal tissue, either by direct extension or secondary to edema. Moreover, Cheng et al. (1997) noted that the decrease in MSN spine density was transient, being maximal at 10 days postoperatively and returning to baseline levels by 20 days after the lesion, consistent with resolution of edematous changes. Because we examined animals at 4 weeks after the cortical lesion, we cannot exclude the possibility that there was a transient decrease in spine density in animals with IA cortical lesions that resolved by 28 days postoperatively. However, because dopamine denervation--induced MSN spine loss persists for at least 1 year (Ingham et al. 1989) , the reversal of spine loss that we observed after cortical lesions cannot be due to recovery from the dopamine depletion.
To minimize the possibility of striatal damage by cortical lesions, we used IA to lesion the cortex. Although excitotoxic lesions can cause distant neuronal loss, we did not observe FJCpositive MSNs at any time up to 28 days postlesion. Moreover, we found that spine density was unchanged in animals subjected to cortical IA lesions 4 weeks earlier, suggesting that the cortical lesion did not compromise the structural integrity of MSNs. We measured MSN dendritic spine changes at 4 weeks after cortical lesions, that is, at a time point at which there was no evidence of FJC-positive degenerating striatal neurons. We did not determine if striatal cells degenerate after periods longer than 28 days, but there are no published data pointing to such changes in response to cortical lesions in adult animals.
Effect of Cortical Lesions on Spines in DopamineDenervated Striatum
A previous study in organotypic slice cocultures found that complete ablation of the cortex performed at the same time as MPP + treatment to lesion the nigrostriatal dopamine neurons completely prevents MSN spine loss (Neely et al. 2007 ). In our in vivo prevention experiment, we observed a strong trend that did not reach statistical significance (P = 0.06). Because the in vitro study of Neely et al. (2007) indicated that total decortication completely prevented the development of dendritic spine loss in the dopamine-denervated striatum, and because we found that the mGluR2/3 agonist prevented spine loss from developing, it is likely that the nonsignificant trend we observed in animals with focal cortical lesions represents a type II (false negative) error. An advantage of organotypic cultures is the ability to completely ablate the cortex, resulting in a near total glutamatergic denervation of the striatum (the thalamic intralaminar nuclei were not included in the cultures). In contrast, complete removal of glutamatergic projections to the striatum in vivo is not feasible, with a substantial glutamatergic innervation from the thalamus as well as some other sites being present. We therefore conducted both in vivo and in vitro studies, with the former examining the effects of a cortical lesion that left intact glutamatergic projections from the thalamus and the contralateral cortex, both of which synapse onto dendritic spines (Freund et al. 1984; Smith et al. 1994; Lacey et al. 2007) . Despite not eliminating all glutamatergic inputs, we found that focal cortical lesions in vivo significantly reversed dopamine denervation--induced MSN spine loss and tended to prevent the development of spine loss. The significant but incomplete reversal of spine loss is most likely due to remaining glutamatergic inputs. The vesicular glutamate transporter 2 (VGluT2) is abundantly expressed by thalamostriatal but not corticostriatal neurons (Kaneko and Fujiyama 2002) . Raju et al. (2008) found no change in striatal VGluT2 in dopamine-denervated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated primates, consistent with intact striatal glutamate inputs from the thalamus. The other major source of glutamate inputs to the striatum is the cortex. Previous studies have noted that axonal sprouting from the contralateral cortex partially reinnervates the denervated striatum (Napieralski et al. 1996; Hughes-Davis et al. 2005) . The presence of some sprouting of inputs from the contralateral cortex, coupled with an intact thalamostriatal glutamatergic system, probably accounts for the significant attenuation but not complete reversal of dopamine depletion--induced spine loss in MSNs. These considerations suggest that our studies with unilateral cortical lesions represent a conservative test of the hypothesis that cortical denervation prevents and reverses spine loss in vivo. Because there are no clearly defined boundaries that distinguish the M1-recipient zone from adjacent striatal tissue that does not receive M1 inputs, we restricted our analysis to a fairly conservative definition of the striatal M1-recipient zone, based on our anterograde tracer studies as well as published data on the striatal projections of the motor and adjacent cortices (Alloway et al. 2006) . The cortical lesion attenuated the loss of dendritic spines only in this M1-recipient zone of the striatum. Spine densities of MSNs located in an area of the striatum ventromedial to the M1-innervated region did not differ significantly from those seen in animals with 6-OHDA lesions but an intact motor cortex. These observations argue that we were able to define accurately the striatal territory receiving inputs from the lesioned cortex.
Mechanism of Action of Cortical Lesions
A variety of in vivo and in vitro data suggest that striatal dopamine depletion increases glutamate release from corticostriatal terminals (Florio et al. 1993; Meshul et al. 1999; Cepeda et al. 2001; Bamford, Robinson, et al. 2004; Bamford, Zhang, et al. 2004; Day et al. 2006) . Dendritic spine formation and maintenance are determined largely by changes in intracellular calcium levels, including NMDA-driven increases in calcium levels. Accordingly, we hypothesized that one mechanism that contributes to dopamine depletion--induced MSN spine loss is the loss of tonic dopaminergic inhibition of the D 2 heteroreceptor on corticostriatal terminals, leading to increased glutamate release (Bamford, Zhang, et al. 2004 ), which in turn increases intraspinous calcium and culminates in spine loss. Thus, we anticipated that cortical lesions would reduce excess glutamate release from cortical axons and thereby attenuate MSN spine loss.
Group II metabotropic glutamate (mGluR2/3) receptors, which are located presynaptically on corticostriatal terminals (Testa et al. 1998) , are release-modulating autoreceptors. We therefore treated organotypic slice co-cultures with a mGluR2/3 receptor agonist to dampen glutamate release from disinhibited corticostriatal axons. In mature cultures, there are both extensive cortical and midbrain dopamine projections to the striatum (Neely et al. 2007; Snyder-Keller et al. 2008) , and one sees both spontaneous and cortically evoked activity of MSNs (Plenz and Kitai 1998; Snyder-Keller et al. 2008) , indicating intact functional connections between the cortex and striatum in the cultures. The use of these cultures allowed us to determine specifically if the loss of cortical glutamate, as opposed to glutamatergic afferents from other areas such as the thalamus, was responsible for preventing spine loss.
Treatment of dopamine-denervated cultures with LY379268 completely prevented the spine loss. It appears likely that the ability of LY379268 to block MSN spine loss is due to actions at mGluR2/3 sites. LY379268 is a preferential agonist at mGluR2/3 receptors (Schoepp et al. 1999; Imre 2007) . The agonist inhibits forskolin-stimulated cyclic adenosine monophosphate accumulation in cells expressing mGluR2/3 receptors with a half-maximal effective concentration of <6 nM but has very weak actions at mGluR4 and mGluR8 receptors (EC50 > 2 lM) and no significant actions at other mGluRs Imre 2007 ). In addition, we found that the mGluR2/3 antagonist LY341495 completely reversed the protective effects of the agonist on MSN spines in the dopaminedepleted striatum. Moreover, treatment of cultures containing an intact nigrostriatal dopamine system with the antagonist was sufficient to cause MSN spine loss, supporting the hypothesis that MSN spine loss results from excessive glutamate release from corticostriatal axons.
Recently, Seeman et al. (2008) have suggested that mGluR2/3 agonists, including LY379268, are partial agonists at D 2 receptors. Because dopamine denervation--induced MSN dendritic spine loss is not reversed by levodopa treatment of rodents , and because MSN spine loss is seen in postmortem striatal samples from PD patients who had received chronic treatment with levodopa and/or dopamine agonists (Stephens et al. 2005; Zaja-Milatovic et al. 2005) , the attenuation of spine loss in animals treated with the mGluR2/3 agonist is probably not due to any actions of LY379268 at dopamine receptors.
Group II metabotropic receptor agonists have been reported to afford protection against MPTP-induced striatal dopamine loss (Battaglia et al. 2003) . However, we started treatment with LY379268 after treatment with MPP + , rather than administering the mGluR2/3 agonist prior to or together with MPP + .
Moreover, we observed extensive striatal dopamine depletion in cultures treated with LY379268, as reflected by an almost 90% decrease in media concentrations of HVA, indicative of striatal dopamine denervation. Taken together, these data strongly suggest that the ability of LY379268 to attenuate MSN spine loss is due to actions at mGluR2/3 receptors and not some off-target action of the drug. Moreover, the observation that treatment of the cultures with an mGluR2/3 antagonist in cultures with an intact striatal dopamine innervation elicited spine loss is consistent with the hypothesis that cortical lesions protect against dopamine depletion--induced MSN spine loss by reducing glutamate release from corticostriatal terminals.
It is likely that there are sources of glutamate in addition to corticostriatal axons that contribute to MSN spine loss. Extracellular glutamate levels involve not only synaptically released glutamate but also glutamate release from astrocytes through the cystine--glutamate exchanger as well as glutamate uptake through high-affinity glutamate transporters, including the astrocytic transporter GLT-1 (EAAT2) (see Kalivas 2009 ). Because group II mGluRs are expressed by astrocytes (Testa et al. 1994) , it is possible that the effects of the mGluR2/3 agonist are mediated in part by astrocytic glutamate transporters. In addition, factors extrinsic to MSNs (such as certain trophic factors) and intrinsic to striatal cells (such as L-type voltage-gated calcium channels) may also play important roles.
Relation to Motor Deficits in Parkinsonism
Our data on the effects of mGluR2/3 agonists point to derangements in corticostriatal glutamate systems as being responsible for dendritic remodeling in the dopamine-denervated striatum. This has significant implications for the treatment of PD, in which MSNs undergo extensive spine loss (Stephens et al. 2005; Zaja-Milatovic et al. 2005) . We have previously suggested that MSN spine loss may be related to progression in PD and to the resistance to the full therapeutic benefits of dopamine replacement that is seen in later stages of the illness (Marsden and Parkes 1977; Lesser et al. 1979; Rinne 1981; Clissold et al. 2006 ; see also Deutch 2006) . Surprisingly, few studies have examined the effects of mGluR2/3 agonists on parkinsonian motor deficits (Murray et al. 2002; Feeley Kearney and Albin 2003) . Murray et al. (2002) found that intraventricular administration of the mGluR2/3 agonist LY379268 dose dependently reversed reserpine-induced akinesia. In contrast, Ossowska et al. (2007) did not observe any benefit of intrastriatal injections of a different mGluR2/3 agonist, 2R,4R-APDC on haloperidol-induced motor deficits; it is not clear if this is because of the acute nature of the dopamine blockade achieved with haloperidol.
In contrast to studies with group I mGluR antagonists, recent data suggest that mGluR 2/3 agonists do not attenuate levodopa-induced dyskinesias (Rylander et al. 2009 ). Because the animals in our study were not treated with levodopa or other dopamine agonists, the attenuation of spine loss that we observed is not related directly to dyskinesias. Several studies have pointed to D 1 -expressing (direct pathway) MSNs as being critical to the development and maintenance of dyskinesias (Bordet et al. 2000; Carta et al. 2008; Berthet et al. 2009; Darmopil et al. 2009 ). In contrast, rodent studies indicate that MSN dendritic spine loss in the dopamine-depleted striatum occurs in D 2 -expressing MSNs (Rodriguez and Pickel 1999; Day et al. 2006; Deutch et al. 2007) , although a recent study in the primate suggests that spines are also lost on D 1 -expressing cells (Villalba et al. 2009 ). Because Golgi impregnation of neurons precludes the determination of the type of MSN, we cannot ascertain if the changes we observed occur in indirect-or direct-pathway MSNs. Future studies using different methods that permit evaluation of spine changes in specific types of MSNs will be required to untangle changes in direct-and indirect-pathway MSNs.
Conclusions
To the best of our knowledge, this is the first demonstration of reversing the loss of MSN dendritic spines once the spine loss is established. Dopamine replacement in both animal models of parkinsonism and in PD patients does not reverse MSN spine loss. Our data indicate that cortical lesions do reverse the structural changes in MSNs, suggesting that treatments that target corticostriatal projections may be a useful intervention in PD. However, clinical trials of ionotropic glutamate receptor antagonists in parkinsonism have been disappointing. These trials focused on symptom reduction and did not assess disease (or symptom) progression. Our data suggest that modulation of glutamatergic transmission through metabotropic glutamate receptors, specifically mGluR2/3 agonists, may be warranted in studies aimed at slowing progression in PD by attenuating MSN dendritic spine loss. Our studies emphasize the importance of extended corticofugal circuits in PD, rather than a more short-sighted focus on only the striatum.
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